INTRODUCTION 34
The geographic mosaic of coevolution has provided an attractive, if controversial, metaphor 35 for the study of spatial variation in the evolution of biotic interactions (Thompson 2005 2014). Here we examine spatial variation in the outcome (virulence) of the interaction 49 between the three-spined stickleback (Gasterosteus aculeatus) and its monogenean trematode 50 ectoparasite, Gyrodactylus arcuatus, in a geographic mosaic of isolated lakes which exhibit 51 strong abiotic variation in the aquatic environment. 52
53
The evolutionary outcome of host-parasite interactions has been intensively studied both 54 theoretically (Frank 1996) and empirically (Ebert 1994; Herre 1995; de Roode, Yates & 55 Altizer 2008). In standard theory ), virulence 56 is supposed to evolve to a level that optimises the trade-off between the increased risk of 57 mortality inflicted on the current host, and the probability of transmission to new hosts, both 58 of which are assumed to be positively correlated with the growth rate of the infection. In this 59 sense, the outcome of the host-parasite interaction is assumed to be driven by factors internal 60 to the interaction (Zhan et al. 2002) . However it has long been recognised that important 61 effects on the outcome may result from external variation. In the classic example of virulence 62 evolution in myxomatosis, it has been speculated that substantial differences in virulence 63 between the UK and France may be the result of different vectors (Kerr & Best 1988 ). The 64 extent to which environmental variation drives virulence evolution is an open question 65 (Lively et al. 2014) . Studying the variation of virulence among strains of parasite species may 66 reveal the cause of such variation and it may contribute to a better understanding of how to 67 control parasitic infections (Bull 1994 Magalhaes et al. 2016 ). Our aim was to assess the extent of local 77 adaptation between parasites and hosts, and to quantify the degree to which variation in 78 virulence was associated with abiotic environmental variation. The genus Gyrodactylus is 79 commonly seen on the fins, gills and skin of many fish species. Because Gyrodactylus are 80 ectoparasites, in direct contact with their environment at all times, we hypothesised that the 81 abiotic aquatic environment would be likely to affect their evolution, including virulence. 82
Unlike other helminth parasites, gyrodactylids can directly reproduce asexually and sexually 83 on fish hosts (Harris 1989; Schelkle et al. 2012) , transmit directly between hosts, and survive 84 on dead hosts for a short time (Scott & Anderson 1984) . Gyrodactylid virulence is strongly 85 related to the parasite's growth rate on an infected host. For example, strong positive 86 correlations between the growth rate of parasite infections and parasite induced host death 87 have been recorded in the interactions between G. turnbullis and guppies Poecilia reticulata 88 (Scott & Anderson 1984 ) and G. salaris and Atlantic salmon Salmo salar (Bakke & 89 MacKenzie 1993) . 90
91

MATERIALS AND METHODS 92
We quantified variation in virulence and the extent of local adaptation of the parasite to host 93 populations, how virulence correlated with the pH of the lake from which the parasites 94 originated, and the extent of local adaptation of parasites to that water. We use the term 95 virulence (of parasite strains) to describe an index of the growth rate of infections ('total 96 parasite count', see below) averaged over host strains (where possible), and susceptibility (of 97 host strains) to describe the same measure averaged over parasite strains. (2) To estimate the extent of local adaptation, Gyrodactylus strains from 108 three populations (Obse, Reiv and Scad) were used to infect lab-raised fish from the same 109 populations, in a fully reciprocal design. Eight to twelve individual fish were infected in each 110 host-parasite combination, and a further six individuals per fish population were included as 111 uninfected controls. (3) To further explore variation in local adaptation and resistance of 112 hosts, Gyrodactylus from Maga were used to infect lab-raised fish from Obse, Scad and Maga 113 (N = 6 fish from each population). (4) To estimate the correlation between virulence and pH, 114
Gyrodactylus strains from seven lakes with contrasting pH (Gill, Host, Maga, Obse, Reiv, 115 Scad and Torm, Table S1) were sampled from infected wild fish and used to infect wild 116 caught fish from Chru, a population in which natural infection with Gyrodactylus is almost 117 absent, and fish are naturally susceptible. Eighty fish were divided into eight groups of 10 118 individuals and one group was monitored as uninfected controls. (5) To quantify local 119 adaptation of the parasite to lake water, Gyrodactylus strains from seven lakes (same as 120 experiment 4) were placed individually in water from their own and the other six populations 121 in a reciprocal design. Twelve worms were exposed in each parasite population -lake water 122 combination, in 100µl of water in wells of 96 microwell plates. Gyrodactylus survival was 123 recorded every three hours until all worms had died. Death was determined from lack of 124 movement or muscular contractions. in the first experiment until day 36, every three days in the second to day 28, on days 5, 13 179 and 20 in the third experiment and every three days until day 24 in the fourth experiment. The 180 procedures of infection and monitoring were carried out under gentle anaesthesia of the 181 experimental fish in a weak concentration of MS222 (100mg L -1 ). Infected fish were housed 182 individually in 3L plastic tanks containing 2L of dechlorinated tap water. For each tank, 50% 183 of the water content was changed with clean water from the same source every three days. 184
All the fish were housed in a room with controlled temperature (13.5± 1℃) and 16:8 of 185 light/dark photoperiod mimicking the external conditions on North Uist. Infected fish were 186 monitored twice daily and if a fish did not swim well or was not feeding properly, it was 187 euthanised by overdose of anaesthetic and mechanical destruction of the brain. All remaining 188 fish were euthanised at the end of the experiments and dissected for gender identification. In experiments in which lab raised fish were infected there was no evidence that the family 241 that a fish came from made any important contribution to variation in infection dynamics. In 242 GLMMs with 'family' (experiments 1 and 2) or 'population.family' (experiment 3) fitted as 243 random terms, the variance component due to family was small in comparison to its standard 244 error: 0.007±0.017, 0.225±0.197, 0.054±0.085 and 0.00±0.00 in GLMMs for experiments 1, 245 2 (allopatric), 2 (all infections) and 3 respectively. We therefore reverted to the use of GLMs 246 because of their easier fitting and better diagnostics. 247 248
Variation in virulence 249
In all three experiments in which it was possible to test the effect (1, 2 and 4), the 'total worm 250 count' on allopatric tester hosts differed significantly among parasite populations (Table 1 (i,  251 ii.a)). In experiment 1, Maga and Obse parasites attained significantly higher total worm 252 count than Scad parasites ( Figure 1A) . In experiment 2, both Obse and Reiv parasites had 253 significantly higher total worm counts than Scad parasites ( Figure 1B) . In experiment 4, 254 multiple comparison tests showed that Scad and Gill parasites had significantly lower worm 255 counts than Host, Maga, Obse and Reiv parasites (Table 1(iv)). In experiments 1 and 2, 256 neither sex nor length of fish hosts had an effect on total worm counts (Table 1(i and ii 257 respectively)). In experiment 4, total worm count was not affected by fish body size, but 258 males had higher total worm counts than females (Table 1(iv)). 259 260
Host-parasite local adaptation 261
In the reciprocal cross infection experiment (2) there was again significant variation in 262 virulence among parasite populations (Table 1(iib)). Fish populations also differed 263 consistently in the parasite counts recorded on them, indicating variation in resistance among 264 host populations. Scad hosts supported the highest infection levels overall. The effect of 265 interaction between parasite population and fish population was significant, indicating local 266 adaptation (Table 1(iib)). Parasites did best on their own host population, with the exception 267 of Obse (the most virulent parasite population), which did best on Scad (the most susceptible 268 host population). The total parasite count of Reiv and Scad parasite populations was 269 significantly higher on sympatric than allopatric host populations ( Fig. 2A) . (Table 2A) . 279 280
Parasite performance and environment 281
In experiment 4, there was a strong positive correlation between total parasite counts and host 282 resistance to allopatric parasite infection (i.e. by taking the inverse value of total worm counts 283 during infections in exp. 2), although this was for only three populations (r = 0.99, N = 3, P = 284 0.037, Fig. 4A ). Mean total worm counts for parasite strains in experiment 4 were strongly 285 positively correlated with the pH of the water in the lake from which the worms originated (r 286 = 0.92, N = 7, P = 0.003, fig. 4B ). When the data from all experiments which used different 287 parasite strains were combined in a single GLM, with total parasite counts as the response 288 variable, and 'experiment' (1, 2 and 4) and 'pH' of lake of origin as explanatory variables, a 289 significant positive relationship between parasite count and pH was again found (for 290 'experiment', Wald F2,10 = 31.7, P < 0.0001; for 'pH', Wald F1,10 = 7.28, P = 0.022). 291
292
In experiment 5, parasite survival time was generally higher in water from their own lakes 293 than in water from different lakes (Fig. 3A, B) . The expected survival of detached G. 294 arcuatus varied significantly among the seven parasite strains (including Obse, the saltwater 295 strain, (Table 1 (v.a)) and this remained true when only data for freshwater strains were 296 analysed ( Table 1 (v.b)). Survival of strains was also affected by the water to which they were 297 exposed, such that the interaction between parasite strain and lakewater origin was significant 298 (Table 1 (v.a). The interaction remained significant even after excluding the saltwater strain 299 from the analysis (Table 1(v.b) ). Most parasite strains (Host, Gill, Obse, Scad and Torm) had 300 positive 'E' measured for survival time, but two parasite strains (Maga and Reiv) had 301 negative 'E' values (Table 2B) . 302
303
DISCUSSION 304
We found clear evidence of variation among parasite populations in the growth rate of 305 infections, which is likely to be associated with virulence (Scott & Anderson 1984; Bakke & 306 MacKenzie, 1993) . This variation was strongly associated with the dominant axis of aquatic 307 abiotic environmental variation across lakes, the pH. Host resistance also differed 308 consistently across the four infection experiments, suggesting a geographic mosaic of 309 coevolution, in which parasites were generally locally adapted. Gyrodactylus, an ectoparasite 310 continually immersed in its aquatic environment, exhibited local adaptation (higher survival) 311 in the water from its own lake, consistent with the association between the pH of the water 312 and variation in virulence. 313
314
There was a very strong relationship between the virulence of parasites in the lab and the pH 315 of water in their natural environment. Since virulence was measured in common garden 316 conditions (and sometimes after many generations of maintaining, or passaging, the parasites 317 in the lab), it is likely that much of the variation is an evolved, genetic response. Given that 318
Gyrodactylus is an ectoparasite, exposed to its environment, and that pH has many effects on 319 organisms, it is quite possible that pH itself has driven divergent evolution of Gyrodactylus 320 among North Uist lakes. However, in these lakes, pH is also strongly associated with the 321 availability of alkaline (eg.calcium, magnesium and sodium) and transition (e.g. zinc and 322 copper) metals, and with overall water conductivity. Zinc in particular is known to have toxic 323 effects on gyrodactylids (Gheorghiu et al. 2007 ). Therefore, pH may be a proxy for a wide 324 isolation of many water bodies from one another may favour evolutionary divergence and 365 local adaptation. Given the direct transmission of G. arcuatus, and its rapid reproductive 366 strategy it is likely that gene flow between parasite populations will be higher than between 367 host populations, and this may favour local adaptation of the parasite (Raeymaekers et al. 368 2011) . 369 370 Apparent lack of local adaptation in one of the parasite strains (Obse) has an obvious 371 explanation. Two ecotypes of three-spined sticklebacks coexist in this saltwater lagoon which 372 is flooded by the sea at spring tides. We used fish of (and parasites from) the 'resident' 373 phenotype which inhabit this waterbody year-round. However, anadromous stickleback also 374 enter this lagoon in the spring to breed. It seems likely that the gene flow between fish or 375 parasites that surely results may disrupt the potential for local adaptation (Lively 1999) . In 376 this regard, our results agree with previous studies on the evolutionary outcomes of fish sp. and their guppy populations. In the three studies, the parasite strains did not show 382 quantitative differences between sympatric and allopatric host infections. In such scenarios 383 parasite local adaptation could be absent because gene flow in hosts is expected to be higher 384 than in the parasite (Konijnendijk et al. 2013) . 385
386
The interaction between stickleback and Gyrodactylus appears to match the conditions 387 necessary to be a geographic mosaic of coevolution (Thompson, 2005; Gomulkiewicz et al. 388 2007), at least in terms of pattern: traits (virulence and resistance) are spatially variable, and 389 while there is some correlation between traits across populations (e.g. Fig. 4A It is more difficult to establish the necessary conditions for a geographic mosaic in terms of 397 processes (Gomulkiewicz et al. 2007 ). However, it seems likely that there is geographic 398 variation across the mosaic in the strength of interactions (hot and cold spots): for example in 399
Torm we have never recorded more than one Gyrodactylus on an individual stickleback 400 (N=83, ADCM unpublished data), while in Scad we have never recorded more than six 401 (N=154) and it seems unlikely that such low abundances can have substantial effects on the 402 fitness of hosts. In contrast, stickleback in saltwater occasionally have Gyrodactylus 403 abundances as high as 300! As discussed in the previous paragraph, it also seems likely that 404 trait remixing is occurring in this system: some lakes are connected to each other in the same 405 catchment, while those close to the sea also experience an influx of migratory stickleback 406 (and their parasites) in the spring each year, making gene flow between both host and parasite 407 populations likely. We cannot at this stage establish that there is a selection mosaic in the 408 interaction between stickleback and Gyrodactylus (Gomulkiewicz et al. 2007 ), although it is 409 possible to imagine individually based, quantitative genetic experiments that might make this 410 possible. 411
412
In conclusion, our study suggests that the interaction between Gyrodactylus and stickleback 413 can be described as a geographic mosaic of coevolution, but that levels of virulence exhibited 414 by parasites from different populations are more a result of the aquatic environment (pH) to 415 which the parasite is exposed, than an emergent property of the host-parasite interaction. As 416 both the hosts and their parasites used in some experiments were raised in the lab, the 417 difference among populations is likely genetic and driven by differences in gene flow 418 between the parasites and their hosts (Greischar & Koskella 2007 Table 2 . Local adaptation effect size (E) for the parasite performance measured: (A) in situ 582 using the formulae 'ln (the average of total worm count on a sympatric host / the average of 583 total worm count on two allopatric hosts)' in the second and third experiments and (B) in 584 vitro using 'ln (the average survival hours in water from own lake/ the average survival hours 585 in water from six different lakes)' for the fourth experiment. 
